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This paper presents micro-particle tracking velocimetry measurements over cultured
bovine aortic endothelial cell monolayers in microchannels. The objective was to
quantify fluid forces and cell morphology at the sub-cellular scale for monolayers
subjected to steady shear rates of 5, 10, and 20 dyn/cm2. The ultimate goal of this
study was to develop an experimental methodology for in vitro detailed study of
physiologically realistic healthy and diseased conditions. Cell topography, shear
stress, and pressure distributions were calculated from sets of velocity fields made in
planes parallel to the microchannel wall. For each experiment, measurements were
made in 3 h intervals for 18 h. It was found that there is a three-dimensional change
in cell morphology as a result of applied shear stress. That is, cells flatten and
become more wedge shaped in the stream direction while conserving volume by
spreading laterally, i.e., in the cross-stream direction. These changes in cell mor-
phology are directly related to local variations in fluid loading, i.e., shear stress and
pressure. This paper describes the first flow measurements over a confluent layer of
endothelial cells that are spatially resolved at the sub-cellular scale with a simultane-
ous temporal resolution to quantify the response of cells to fluid loading. Published
by AIP Publishing. https://doi.org/10.1063/1.5028122

I. INTRODUCTION

Atherosclerosis is a cardiovascular disease responsible for over 26 000 deaths in the United
States each year (https://www.nhlbi.nih.gov/files/docs/factbook/FactBook2012.pdf). It is a progres-
sive disease in which cholesterol, fat, and other substances accumulate in the walls of arteries. This
accumulation results in hardening of the arterial wall and constriction of the lumen, significantly
reducing blood flow. In later stages, rupture or endothelial erosion of the plaques can lead to clot
formation and subsequent stroke or myocardial infarction.

The fact that atherosclerosis typically occurs in the carotid, femoral, and coronary arteries,
along with the abdominal aorta, is attributable to the complex vessel geometries that include
bends and bifurcations, i.e., areas that have been associated with low mean wall shear stress.
This is consistent with the findings of several studies1–3 demonstrating that atherosclerosis has a
strong preference to arterial regions experiencing low shear stress. It has further been shown1,4–8

that areas of low shear stress also coincide with areas of high low-density lipoprotein (LDL) con-
centrations. LDL is a glycoprotein that transports lipids (i.e., cholesterol) within blood vessels.
Specifically, cholesterol-carrying LDL can transmigrate the endothelial layer as a result of
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endothelial layer disruption, and the content within LDL can become oxidized leading to plaque
growth in the arterial wall.2,9,10 It is hypothesized that endothelium disruption is caused by a
change in an endothelial cell’s shape as it is subjected to different shear stresses, and the relation-
ship between cell shape and shear stress can affect the localization of LDL transmigration and,
therefore, atherosclerosis.

There have been significant advances in understanding the chemistry and biology of athero-
sclerosis at the cellular scale. It is, however, highly complex, and the ability to use this knowledge
to treat the disease is still limited as discussed in recent overviews of the pathophysiology.11–13

Effects of such factors as the recovery of the glycocalyx14 and endothelial cell membrane fluidity15

have been identified as important. The disease entails transmigration of LDL across the endothe-
lium,2 oxidation of LDL,9,10 and transport and transformation of monocytes into macrophages
which, after engulfing LDL, become foam cells.16 There is also proliferation and migration of
smooth muscle cells (SMCs), expression and breakdown of collagen, apoptosis of SMCs, endothe-
lial cells (ECs), foam cells, etc., all of which aggregate to form plaques. There is also, in turn,
micro-vascularization of the plaques, thrombosis, and formation of SMC caps over the plaque.
Depending on a host of parameters, there can be plaque rupture leading to myocardial infarction,
stroke, or simply formation of a new plaque at the same site.

That hemodynamics plays a significant role in the pathology of atherosclerosis is well
known. It is known that plaques are most likely to form on the medial side of the daughter
branch(es) of arterial bifurcations including the carotid artery, femoral artery, coronary arteries,
and the abdominal aorta17 leading to the femoral arteries. These regions are characterized by
three-dimensional flow, low shear stress, and even flow reversals. Several studies have correlated
atherosclerosis with regions of low shear stress.1–3 Furthermore, high LDL concentrations have
been found in areas of low shear stress.3–8

The first in vivo canine study of morphological responses associated with blood flow18

found that endothelial cells (ECs) were elongated and parallel to blood flow in straight sections
of a vessel and more randomly oriented and less elongated in the entrance regions of vessels.
Furthermore, a slice of the canine thoracic aorta was rotated 90° to its original direction and
then implanted in the aorta. After surgery, ECs of the implanted slice realigned in the flow
direction. In another experiment,19 the EC morphology and orientation in a rabbit aorta were
found to be a likely indicator of the direction and speed of blood flow. These studies indicated a
strong relationship between blood flow characteristics, EC morphology, and the genesis of car-
diovascular disease.

Several subsequent in vitro experiments have been carried out to investigate the relationship
between blood flow and cell morphology. Preliminary experiments showed that ECs in quiescent
flow are polygonal in shape and exhibit “cobblestone-like” growth patterns.20 In vitro experiments
of steady, uni-directional flow over bovine aortic ECs18 showed that cells aligned with the flow as
well as elongated into ellipsoidal shapes. Additional studies21–23 indicated that the morphological
response to shear flow depended both on the magnitude of the applied shear stress as well as the
duration of exposure to shear.

A later study24 showed that the turbulent shear flow over ECs did not cause cell realignment
or elongation. In yet another study,25 including both laminar pulsatile and oscillatory flow, it was
found that cells do align in pulsatile flow but not in the oscillatory case where there is no net bulk
flow. In toto, the aggregate of these experiments indicated that ECs differentiate between different
flow environments.

Although shear stress is often considered as the main hemodynamic force responsible for mor-
phological and biological responses,26–31 the forces perpendicular to the endothelial layer due to
pressure can also be important.26–29 In vivo variations in local blood pressure have shown to cause
remodeling in vessels where the change in pressure was proportional to the rate of the vessel
remodeling.27 In addition, ECs that experienced increased normal forces acting on them due to
osmotic pressure showed an increase in cell height with a reduction in external osmolarity.26 Like
studies mentioned previously, these experiments reiterate the need to investigate pressure and,
moreover, perform investigations on the sub-cellular level in order to understand the complex rela-
tionship between cell remodeling and pressure.
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What is not well understood is the integral coupling between vascular hemodynamics to cell
biology, i.e., the mechanotransduction. This is, in large part, due to the mismatch in scales and the
challenges of measuring flow parameters at the smallest, but biologically relevant, scales. The cell
dynamics and biochemical reactions occur at scales of 1-10 μm, whereas the dimensions of plaques
and arteries are on the order of 103-104 μm, i.e., 0.1-1 cm. In order to know then, for instance, why
or how an LDL molecule or a monocyte transmigrates the endothelium at a particular location, it is
essential to know hemodynamic stress state precisely at the same resolution as the biology.

This shortcoming is widely recognized; a number of researchers have quantified cell morphol-
ogy as a function of applied shear in in vitro experiments32,33 and using computational fluid
dynamics (CFD).34 More recently, atomic force microscopy (AFM) was used to measure surface
topography of ECs subjected to shear, and shear at the sub-cellular scale was then back calculated
using CFD.31,35,36 While this was a very important contribution, the coupling between mechanics
and biochemistry remained elusive. Indeed, the vast majority of research involving shear stress
effects on atherosclerosis has used the bulk shear in the vessel or, at best, the shear stress as a func-
tion of position on a plaque. Alternatively, computational shear stress data with sub-cellular resolu-
tion cannot be directly coupled with the cell biology.

To date, a comprehensive, fully integrated study specifically focused on simultaneous exami-
nation of cell biology and biomechanics of atherosclerosis at the sub-cellular scale has not been
done. This is important obviously from gaining a complete understanding of the pathology of a
disease with the highest mortality rates in the western world. However, with advances in drug treat-
ments and therapies that can be precisely targeted into very specific locations, understanding pre-
cisely how to develop and where to deliver next generation therapies will be essential to successful
control of this debilitating and deadly disease.

A. Objectives

As noted previously, the ability to fully understand the mechanotransduction of atherosclerosis
requires the detailed measurement of the hemodynamic stress distributions over endothelial cells
on the same scale at which the biochemistry occurs; i.e., at the sub-cellular scale. The working
hypothesis is that variations in both wall shear stress and pressure over individual cells play a criti-
cal role in both the mechanical as well as biological response of the endothelial layer to flow. The
specific objectives of this investigation were

(i) to advance microfluidic measurements and processing methodologies to study mechanotrans-
duction at the sub-cellular scale and

(ii) to quantify how stresses (wall shear and pressure) and topography evolve in response to
applied flow.

II. APPARATUS AND METHODS

This investigation entailed culturing a confluent layer of endothelial cells on the bottom wall
of a micro-channel in quiescent media and subsequently applying a laminar steady flow. Mapping
the velocity field at 3-h intervals from the onset of flow provided information about the temporal
evolution of stress and topography for different applied flows. This section contains descriptions of
the apparatus and methods used in this study.

A. Micro-flow control system

The BioFlux™ 1000z (Fluxion Biosciences Inc.) is an integrated microscope/flow system
suitable for measurements of this type. The flow control system utilized either BioFlux™ 24 or
48-well plates with embedded microchannels for in vitro flow assays, a pressure pump to drive
the flow, an automated microscope stage to control three-dimensional acquisition location, and
control software. The microscope stage could be positioned to an accuracy of 0.1 μm in each of
the three coordinate directions. The system was calibrated for the microscope objectives so that
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a 0.1 μm translation readout in the vertical direction corresponded to a true 0.1 μm distance in
the microchannel. The stage also had a heating element that was used to keep microchannels
and media at 37 °C.

As noted, the microchannels were manufactured by BioFlux™. In this study, 24-well plates
were used to allow up to twelve simultaneous steady flow assays at applied shear stresses ranging
from 0 to 20 dyn/cm2. Flow was driven at a prescribed rate (i.e., shear) through a pneumatic pump
that created a pressure difference across the upstream and downstream well of each microchannel.
Note that the exit wells of the microchannels were at atmospheric pressure, and the upstream wells
were held at whatever pressure was necessary to produce the desired flow rate (i.e., applied shear).
For a flow with an applied shear of 20 dyn/cm2, the pressure at the mid-length to the microchannel
was ∼0.1% higher than the pressure at the exit. For the range of flows studied in this investigation,
the mean pressure at the mid-length of the microchannels were constant to better than 0.085%.

The microchannels had a rectangular cross section that was ∼4000 μm long, 350 μm wide, and
70 μm high; these correspond to the x, y, and z-directions, respectively. The side and top walls of
the microchannels were polydimethylsiloxane (PDMS). The bottom wall was glass and perma-
nently fixed to the main PDMS plate.

B. Micro-particle tracking velocimetry (μPTV)

Particle tracking velocimetry (PTV) is a standard flow measurement technique in fluid dynam-
ics. It entails using a video camera to record sequences of flow seeded with small neutrally
buoyant particles. For large-scale (e.g., aerodynamics) experiments, a sheet of laser light is typi-
cally used to illuminate the particles in a two-dimensional plane. Flow measurements with micro-
meter resolution (i.e., μPTV) are made using a camera mounted to a microscope; the microscope
objective’s focal plane defines the measurement plane. Video images are digitized and a computer
algorithm computes displacements of every particle in the field of view from one frame to the next.
By noting the location of each particle, this process yields a two-dimensional vector field, in which
the flow velocity is measured at each particle location. Sub-pixel particle displacement resolution is
achieved by finding the centroid of each particle image. Creating an ensemble of vector fields
increases spatial resolution. Once the resolution is sufficiently high, a uniformly-spaced vector field
can be created by interpolating the ensembled field.

Commercially available scientific cameras allow the user to specify the time between two suc-
cessive video images (i.e., an “image pair”). This interval must be chosen to ensure that particle
displacements between two consecutive video frames are small enough that individual particles
can be unambiguously tracked, but large enough to minimize measurement uncertainty. For this
study, a 12-bit, 1280 × 800 pixel resolution Phantom Miro M310 camera (Vision Research) was
used. Flow was seeded with 1 μm diameter red Fluoro-Max fluorescent particles (Thermo
Scientific); the specific gravity of these particles was 1.05. The time between images comprising
each image pair was 1-3 ms; this corresponded to particle displacements of <10 pixels (∼5 μm)
from one frame to the next. High-resolution two-dimensional planar vector fields were then gener-
ated using ensembles of 3000 image pairs for every measurement plane.

The Bioflux system microscope, Nikon Eclipse Ti-S, was fitted with a CFI Super Plan Fluor
ELWD 40× objective (Nikon Instruments Inc.) with a numerical aperture of 0.6 and a working dis-
tance of 2.8–3.6 mm. At this magnification, the spatial resolution in the x and y-directions was
0.485 μm/pixel, and the nominal depth of focus, i.e., in the z-direction, was 1.5 μm.

The ability to accurately resolve topography, shear stress, and pressure at the cell surface,
however, required much higher spatial resolution, particularly in the z-direction. Using an optical
property of the seeding particles, the spatial resolution in the wall normal direction could be
reduced down to ±0.15 μm. Specifically, because the particles were spherical and translucent, they
would focus light like a lens. Consequently, in a thinner layer within the 1.5 μm depth of focus, the
seeding particle images would appear as a dark ring with a bright center. Using image-processing
techniques, only particles with a center that was brighter than a defined threshold would be used
for μPTV measurements. The threshold for each set of measurements was selected to provide
±0.15 μm resolution in the z-direction. An example of this thresholding technique is shown in
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Fig. 2. Figure 2(a) is a sequence of video images taken at 0.1 μm increments from 0.4 μm below
the microchannel floor to 0.5 μm above, i.e., from being focused inside the glass to focusing
in the microchannel. A seeding particle that had settled on the channel floor has been circled
in white. Observe that at z = −0.4, −0.3, and +0.5 μm, the particle image is a dark spot. In the
range, −0.2 μm ≤ z ≤ +0.4 μm, the particle image is a dark ring with a bright center. By
choosing an appropriate threshold, only the bright center of the particle image in the range,
0 μm ≤ z ≤ +0.3 μm, remains. The bright spot is roughly circular with a diameter of 2-3 pixels.
These are shown in Fig. 2(b). By computing the location of the centroid of that image, the
center of the particle can be determined to better than 0.1 pixel accuracy.

For every profile measured in this investigation, the channel floor was found using the tech-
nique illustrated in Fig. 1. That is, the microchannels were first positioned so that the focal plane
would still be inside the glass wall. The microscope stage would be moved in 0.1 μm increments
until particles that had settled on the microchannel floor came into focus. By setting the appropriate
threshold, a nominal z = 0 wall location could be established. Note that this initial estimate would
be to within ± 0.15 μm of the wall where that particle was located; however, the actual cell surface
location was computed from the μPTV velocity field measurements as described above.

Finally, a distinction should be drawn between accuracy of the microscope stage positioning
system and uncertainty of the z-location of a seeding particle image. The former is assumed to be

FIG. 1. A set of bright-field images showing a single stationary seeding particle resting on the channel flow imaged at
0.1 μm increments between z =−0.4 μm and z = +0.5 μm. (a) Raw images and (b) the corresponding processed image after
applying an intensity threshold. The particle of interest has been circled in white. Observe that thresholding can reduce the
thickness of the effective measurement plane to 0.3 μm.

FIG. 2. Confluent layer of endothelial cells cultured in a microchannel immediately prior to initiating flow. The flow direc-
tion (x) is from left-to-right.
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very accurate, such that a traverse of “n” steps of the positioning system in the z-direction would
correspond to n/10 μm. Thus, in calculating derivatives in the vertical direction, the uncertainty in
dz due to the microscope stage is assumed to be zero. Given that particles carried by the flow
could be anywhere within the 0.3 μm layer in which they would not be eliminated by thresholding,
however, that uncertainty needed to be included in the derivative calculations.

C. Endothelial cell culturing

Bovine Aortic Endothelial Cells (BAOECs) (Lonza Walkersville Inc.) were thawed and
divided equally into eight 2 ml cryovials upon arrival and then stored at −70 °C for future use. One
2 ml cryovial of endothelial cells was needed for each flow experiment. The cells from the cryovial
were subcultured onto three 100 mm tissue culture dishes (CytoOne) using Endothelial Cell Basal
Media (EBM) including growth factors, cytokines, and supplements from the SingleQuots™ Kit.
The cells in the tissue culture dishes were grown in an incubator at 37 °C supplemented with 5%
CO2. Cells were passaged three times, and each passage was subcultured onto three 100 mm tissue
culture dishes. The third passage of cells was grown to 100% confluency before inserting the cells
into the Fluxion BioFlux™ microchannels; the cells used in the study were the fourth passage.

Two different sets of experiments were conducted, one in which the cells were inserted into
the microchannels and grown to confluency directly onto the glass floor, and the other where the
microchannel floor was first coated with fibronectin. As will be discussed in Sec. III, there was
virtually no difference between the two measurement sets.

For the experiments with the fibronectin coating, microchannels were first primed with
Dulbecco’s Phosphate-Buffered Saline (D-PBS) and then coated with fibronectin from bovine
plasma (Sigma-Aldrich, St. Louis, MO) diluted in a D-PBS to a concentration of 100 μg/ml.
(Fibronectin from bovine plasma is a multifunctional glycoprotein that has been shown to promote
cell attachment in endothelial cells.37) The BioFlux™ plate was placed in the incubator (37 °C sup-
plemented with 5% CO2) for 1 h while the coating adhered to the channel. After 1 h, the micro-
channel was washed with D-PBS and then cells were inserted as described below. Since the
fibronectin-coated channels used a very low concentration of fibronectin to coat the channels, the
optical clarity was not affected.

For cell insertion, regardless of whether or not fibronectin was used, the solution of cells was
divided evenly amongst the inlet wells of a 24-well BioFlux plate. The BioFlux 1000z pump was
triggered for 2–3 s to pump the cell solution from the inlet wells to the outlet wells of the plate.
After the pump was shut off, the suspended cell solution could be seen in the microchannels using
the Nikon Eclipse Ti-S microscope. After cell insertion, the BioFlux plate was placed in the incu-
bator (37 °C supplemented with 5% CO2) for 2 h allowing the cells to adhere to the bottom surface
of the microchannels. Once inserted, the cells were again grown to confluency. The entire culturing
process typically took 6-10 days. Figure 2 is a photograph showing a confluent layer of ECs imme-
diately prior to starting the flow.

D. Flow conditions

Experiments were conducted at wall shear stress levels of 5, 10, or 20 dyn/cm2 with and without
fibronectin coating on the microchannel floor. The corresponding flow rates were 0.0245ml/s, 0.049
ml/s, and 0.098ml/s, respectively, and the Reynolds numbers, based on channel height and bulk veloc-
ity, were 2.66, 5.32, and 10.64. The working fluid was CO2-independent media supplemented with
L-glutamine and fetal bovine serum (FBS). This media solution helped one to maintain a pH of 7.2-7.4,
while the experiment was conducted outside of an incubator and in the absence of 5% CO2 supplemen-
tation. The density of the fluid was 0.993 gm/cm3 and its dynamic viscosity was 0.0072 gm/cm s.

E. Data acquisition

As noted in Sec. II B, flow was viewed in x-y planes through the channel bottom. Measurements
were made at eight different planes starting at the channel wall, i.e., z = 0 μm, and 1, 2, 3, 4, 6, 8, and
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10 μm from the wall. This is schematically illustrated in Fig. 3. The bottom of the microchannel was
found by positioning the focal plane, so the very few seeding particles resting on the bottom of the
channel came into focus. Each measurement plane could be consistently and repeatedly located using
the BioFlux™ software.

It is important to note that for all flow conditions, the flow speed was reduced to 0.0147 ml/s
(3 dyn/cm2) for μPTV video image capture. This was done to prevent phototoxic effects on the
endothelial cells from high intensity light; it was found that measuring flow at speed required light
intensities that caused vacuolization leading to necrosis. At a suitably low light setting, the camera
exposure time needed to be longer to image the seeding particles, which, in turn, necessitated tem-
porarily slowing the flow during image capture.

It is possible that lowering the speed may have had an effect on cell shape even if μPTV
images were captured for only 7 min at a time every 3 h. It has been shown that there are biologi-
cal responses to step changes in shear, including those involving the cytoskeleton, which occur
on the time scale of minutes.38–40 There are other changes, such as cell reorientation, which may
take multiple hours to days to complete.21–23 As such, slowing the flow for 7 min could be long
enough for the fast responses to occur while being too fast for the slower responses to be signifi-
cantly affected. As will be shown, there were clearing changes in cell morphology that could be
resolved in these experiments. Further analysis to decouple the effects of “fast” and “slow”
responses is a topic for subsequent study.

In addition, it is argued that the instantaneous flow field over the endothelial cells was set by
the cell topography. Since the cell geometry did not change at this short time scale, the flow field
along with the corresponding shear stress and pressure distributions over the endothelial cells was
simply reduced by the appropriate ratio of either the flow rate or applied shear.

For all of the experiments, 3000 image pairs were recorded at each of the eight measurement
planes on 3 h intervals beginning with the initiation of flow, t = 0, and continuing to the eighteenth
hour. This allowed for the time resolved study of cell morphology and mechanical forces. Image
pairs were captured at a rate of 80 Hz. One feature of the camera was that the time between images
in an image pair, δt, could be set separately from the video-framing rate. This was varied as a func-
tion of how far the measurement plane was from the wall so that particle displacements between
images in a pair were ∼10 pixels. For the planes closest to the wall, a larger δt was used; δt was
adjusted from 3125 μs closest to the wall to 1200 μs for the measurement planes 10 μm from the
wall. The working field-of-view, i.e., the region of the microchannel in the camera field-of-view,
was 466 μm× 349 μm. This corresponded to 960 × 720 pixel resolution in the x and y directions,
respectively, or 2.06 pixels/μm in each direction.

FIG. 3. Schematic depicting the measurement plane location with respect to the endothelial cells, imaging direction, and
flow. Note that this schematic does not show the actual number of measurement planes and is not drawn to scale.
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F. Image processing

Video images captured using the color Phantom Miro M310 camera during μPTV measure-
ments were first converted to gray scale. As described in Sec. II B, a threshold was applied to the
converted images to eliminate everything in each image except the seeding particles in a 0.15 μm
thick plane. These were then converted to pure black and white.

An in-house μPTV program was then used to compute two-dimensional velocity fields for
each set of 3000 video image pairs. Recall that there were 3000 image pairs acquired at each of
eight measurement planes at 3 h intervals from t = 0–18 h. There are two major steps in the
in-house μPTV program: (i) particle displacement analysis for each image pair and (ii) composite
velocity averaging.

A brief overview of μPTV was provided in Sec. II B. The reader is referred to Lambert41 for a
detailed description of the specific algorithm developed for this study. For each μPTV image pair,
the centroid of each seeding particle image was found, and the displacement between the particle
centroid in the first frame and second frame was computed. To ensure that the particles were
tracked unambiguously from one frame to the next, the user could specify a boundary within
which the particle had to be found in the second frame relative to its location in the first frame. If
the corresponding particle image was not found within that boundary in the second frame, no
velocity for that particle was recorded. Similarly, if multiple particles were found within that boun-
dary, velocity was also not measured. The computer was programed to search the entire 960 × 720
pixel field of view. Coordinates of each particle location and corresponding x and y-velocity com-
ponents were recorded.

Because of the low particle seeding density, each μPTV image pair produced a low spatial res-
olution two-dimensional velocity vector field at a specified distance from the microchannel wall.
High spatial resolution was achieved by combining the 3000 vector fields obtained for each
z-location and time. In this manner, roughly 85% of the 960 × 720 pixel locations had a unique
instantaneous velocity measurement. A uniformly spaced vector field was then generated by aver-
aging the velocity values inside 7 × 7 pixel windows so that there was an averaged velocity mea-
surement every seven pixels in both the x and y-directions. An estimate of velocity measurement
uncertainty for this technique begins with the observation that seeding particle images were nomi-
nally circular bright spots with a diameter of 2-3 pixels. By computing the centroid of those
images, the particle location could be determined to better than 0.1 pixel accuracy. With this reso-
lution and the ∼10 pixel displacement in a μPTV image pair, the measurement uncertainty of each
individual velocity vector was at least 1%. As noted above, there were a minimum of 42 individual
velocity vectors (i.e., 85%) in every 7 × 7 pixel window. Assuming the ergodic hypothesis, that the
average will converge to the true value, the uncertainty for the ensemble averaged velocity in each
window is then conservatively better than 0.005 pixels. Recalling that the time between images, δt,
in a μPTV image pair was 3125 μs for measurement planes closest to the wall, and 1200 μs for
measurements taken at z = 10 μm, the uncertainty of the averaged velocities in each 7 × 7 pixel
window was then <0.75 μm/s for measurements closest to the wall and <2 μm/s for measurements
farthest from the wall. These uncertainties correspond to ∼0.2% and 0.05% of the mean streamwise
velocity at z = 1 μm and 10 μm, respectively. This accuracy was essential for resolving surface
topography and, more importantly, surface pressure.

A zoomed in region of a μPTV vector field is shown in Fig. 4. This figure is an overlay of the
vector field over the top of the gray-scale cell images. This segment is ∼98 μm in the streamwise
direction and ∼91 μm in the cross stream direction. Velocity magnitudes are indicated both by
vector length and color; a color scale is included to the right. This particular vector field was taken
3 μm above the wall. Note that the r.m.s. cell heights are only ∼1 μm. As such, the transverse
velocities are very small and not visible in the figure.

Observe the dark region left of center in the image. This is an endothelial cell nucleus which
extends farther out into the flow than the rest of the cell. For this reason, the velocity measurements
over the nucleus are lower than the surrounding regions where the distance between the cells and
the measurement plane is greater. This made it possible to accurately measure cell surface topogra-
phy as will be described in Sec. II G.
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G. Shear stress and cell surface topography

The end result of computing all of the thousands of μPTV image pairs was a set of three-
dimensional arrays with 138 × 103 × 8 two-dimensional velocity vectors (u and v) in the stream,
transverse and wall normal directions, respectively. There was one such array for every 3 h interval
for each of the three different flow conditions; see Fig. 3 for a schematic drawing illustrating the
three dimensional array.

Note, then, that for every vector location, (i, j), and time, t = T, there was a velocity profile, ui,
j(z,T). By computing the zero intercept of that profile, i.e., the value of zo at which ui,j(zo,T) = 0,
the endothelial cell height at that location was found; this is simply a mathematical statement of the
standard “no-slip” condition at a solid boundary. Because there was a unique velocity profile at
every vector location in the field-of-view at every 3-h time interval, it was possible to generate
three-dimensional surface contours of the endothelial cell layer as a function of time.28,42

In addition, the local wall shear stress was computed simply from the definition

τo ¼ μ @u=@z (1)

evaluated at the now known wall location, zo. In actuality, a first-order polynomial was fit through
the velocity profile to obtain a more accurate value of the wall shear.28,42 This was done because
the velocity profile within 10 μm of the wall is essentially linear. Using a higher order polynomial
fit creates the possibility of non-physical higher order harmonics which would introduce numerical
error in both the cell surface and wall shear stress calculations.

It should be pointed out that there were two velocity gradient calculations used in this study.
The first was calculating the mean gradient for the purpose of determining the wall shear stress as
described in the preceding paragraph. The second was calculating the local gradients for use in
the wall pressure calculations. Using the ensemble averaged velocity uncertainty of ∼2 μm/sec at
z = 10 μm, the uncertainty of the mean velocity gradient was 0.2 s−1 which corresponds to a wall
shear stress uncertainty of ∼0.0014 dyn/cm2. This is 0.05% of the 3 dyn/cm2 at which the flow
measurements were made.

The uncertainty of the local velocity gradients was determined from the 0.75 μm/s near wall
velocity uncertainty and, using central differencing, 2 μm between adjacent measurement planes.
The propagation of uncertainty in the sum or difference of two numbers is the square root of the
sum of the uncertainties squared. This results in a local gradient uncertainty of 0.53 s−1 or a local
shear uncertainty of ∼0.0038 dyn/cm2. This is 0.13% of the 3 dyn/cm2 applied shear at which

FIG. 4. A 98 μm× 91 μm segment of a μPTV velocity vector field overlaid on an image of endothelial cells. Flow is from
left-to-right, and the measurement plane was located at z = 3 μm above the wall.
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measurements were taken. To demonstrate the power and accuracy of these measurements, a
sample surface contour plot overlaid on the corresponding cell image is shown in Fig. 5. It is
important to recognize that this particular measurement turned out to have been taken for an endo-
thelial cell culture that was not confluent and, in fact, was undergoing vacuolization as a result of
phototoxicity. The key feature of this figure, however, is the exact matching of cell topography
with the cell images. Observe also that the maximum height of the cells was <2 μm demonstrating
the ability to resolve cell topography at the submicron level; the same ±0.15 μm uncertainty in the
measurement plane location would carry over to the uncertainty for cell height calculations.

Before proceeding to the wall surface pressure calculations, it is worth noting additional fea-
tures included in the post-processing routine. In particular, additional routines were developed for
the μPTV velocity vector fields to improve measurement accuracy and to correct for microchannel
tilt. Erroneous vectors were identified and removed using a local median test.43 It should be
pointed out that the routine was written such that great care was put into eliminating error sources
in the processing algorithm. As such, there would be roughly only one vector out of ∼200 vector
fields identified by the error detection algorithm. With that low rate, the entire vector field would
be discarded rather than develop an ad hoc correction algorithm. Details of the specific application
to this μPTV algorithm are provided in Lambert.41

A more challenging problem was that the measurement system was capable of sensing even
very small angles of tilt in the microchannel relative to the microscope viewing plane. That is, the
Bioflux plate did not sit perfectly flat on the microscope stage to within less than a micrometer.
This manifested itself as a linear velocity gradient across the camera field-of-view.

The positive aspect of this problem is that it validates the ability to use μPTV velocity measure-
ments to accurately compute cell height variations on the order of fractions of a micrometer. The
downside was that when the microchannel was tilted relative to the Bioflux microscope stage even by
only 1-2 μm, the measured two-dimensional velocity field would appear to have a uniform gradient.
For reference, the maximum observed tilt was ∼5 μm across the ∼900 μm field-of-view, i.e., <0.32°.

Given that the height of endothelial cells was <3 μm, a tilt correction algorithm was neces-
sary.41 In brief, the cell surface height algorithm, described previously in this section, was used to
compute the uncorrected surface topography. From this calculation, a locus of local surface
minima was found. These nominally correspond to locations in the field-of-view where the endo-
thelial cells were very thin, or where there were small areas with no cell coverage on the micro-
channel floor. A planar surface was then fit to this locus of minima. This defined the position of
the tilted channel floor relative to the microscope measurement plane. By subtracting this tilt plane
from the uncorrected surface topography, a tilt-corrected topography was produced.

FIG. 5. Cell surface contours computed for a non-confluent layer of necrotic bovine aortic endothelial cells for the 18th hour
while subjected to an applied shear stress of 20 dyn/cm2. The measurements validate the cell surface height measurement
methodology.
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H. Computing wall pressure from μPTV data

One of the great strengths of these μPTV measurements was the ability to compute surface
pressure distributions from the velocity field data. While this is something that is routinely done in
computational studies, this has never been done in actual measurements over live endothelial cells.
In principle, if one has the fluid velocity field in a region, the Navier-Stokes equations can be inte-
grated to extract the pressure field.

In practice, because the Navier-Stokes equations are non-linear second order differential equa-
tions, even the smallest amount of noise in the measured velocity field can cause large errors in the
pressure calculation. Recently, there have been a number of investigators who have made signifi-
cant strides in resolving this problem, most notably, Dabiri et al.44 Solution approaches of these
types are being developed center around the statistical randomness of the noise rather than trying to
somehow remove it.

In this study, the x-component of the Navier-Stokes equations, written here with the pressure
gradient term isolated on the left hand side,

@P=@x ¼ –ρ(U@U=@xþ V@U=@yþW@U=@zþ μ(@2U=@x2 þ @2U=@y2 þ @2U=@z2), (2)

was integrated in the x-direction across the field-of-view (from left-to-right) for every spanwise
location, y.

Close to the wall, the uncertainty in velocity is 0.2% (0.75 μm/s) and the uncertainty of wall
normal velocity gradients is 0.13% (0.53 s−1). Uncertainties in velocity gradients computed in the
x and y-directions are 3.4 times smaller than the wall normal gradients because the vector spacings
in the horizontal directions are 3.4 μm compared to the 1 μm vertical spacing. The uncertainties of
products sum and the uncertainties of sums and differences are equal to the square root of the sum
of the squares of the component uncertainties. Finally, since the wall normal velocity, W, was not
measured, the uncertainty of the pressure gradient was 0.39%.

Integration is a summing process. Therefore, the uncertainty in integrating pressure from one
x-location to the next is √2 times the uncertainty of the pressure gradient (since integration is a
summing process). This is 0.55%. The reference is the applied shear stress at which measurements were
made, i.e., 3 dyn/cm2, so the pressure uncertainty is 0.017 dyn/cm2. Even with this level of uncertainty,
it is important to keep in mind that the pressure variations over the cells due to viscous effects will also
be very small. As such, particular attention must be paid to error propagation in these calculations.

There are, in general, two types of errors, random and systematic. By definition, random errors
will statistically average out to zero. In the pressure field calculations, one would expect to see them,
if they were significant, as comparatively large amplitude, high wave number fluctuations on top of
the true pressure signal. Indeed, without a highly resolved velocity field, this random error would
result in meaningless pressure calculations. Systematic errors, on the other hand, would propagate in
the direction of integration and create potentially large-amplitude, low wave-number oscillations.41

Depending on their orientation, cells in this study spanned roughly ten or more vector spacings in the
x-direction. Thus, the wavelength of random errors would be much shorter than the typical cell
dimension, and the extent of any systematic errors would be significantly longer. That is, it would be
possible to recognize the presence of error in the calculated pressure fields.

Examination of the raw pressure calculations showed no significant random error. There was,
however, a low wavelength variation in the pressure field characteristic of systematic error.
The amplitude of these variations was less than 1 dyn/cm2 with a wavelength that spanned the
entire field of view. This systematic error was removed by fitting a low wave-number spline along
lines of constant y and subtracting this spline from the corresponding calculated pressure. The dif-
ference, then, was the actual pressure variation in the x-direction for each y-location. Applying
this method for every row (y = constant) in the field-of-view resulted in the pressure field
shown in Fig. 6. This is a set of four plan-view (i.e., x-y plane) images showing the endothelial
cells, Fig. 6(a), along with overlaid contour plots of shear stress, topography, and wall pressure,
Figs. 6(b)–6(d), respectively.

064101-11 Lambert et al. Biomicrofluidics 12, 064101 (2018)



I. Cell averaging

Another advantage of this experiment was the ability to simultaneously study a number of
cells subject to the same environment. While the possibility existed, therefore, to examine the
response of each cell individually, there was equal if not greater value in looking at an ensemble of
cells to develop a statistical sense of the response of the cells to applied shear over time. The
method for doing this is described in the following paragraphs.

As can be seen in Figs. 2 and 6, in each experimental run, there were multiple endothelial
cells in the field-of-view of each microchannel. A MATLAB edge detection algorithm was devel-
oped to find the cell boundaries in each microchannel for the three different shear cases. The cell
boundaries found using the edge detection algorithm were compared visually with the correspond-
ing raw video microscope image. In addition, key features of the cell, e.g., cell boundary, nucleus,
etc., had to be visually identifiable and whether the cell boundaries from edge detection algorithm
and visual inspection coincided. For each of the three shear cases, there were at least fifteen cells
which were unambiguously identified.

For each of the selected cells, then, the maximum streamwise length, L, and cross-stream
width, W, were measured. Each cell had its unique values of L and W along what was then referred
to as the cell’s major and minor axes. Using dimensionless coordinates, x/L and y/W, mean varia-
tions of biomechanical parameters, i.e., topography, shear stress, and wall pressure, over the
sample of fifteen cells could be computed. The ensemble averages for shear stress and pressure
were then normalized by the maximum shear stress at the 0th hour for each flow case so that shear
stress and pressure variations could be compared. Data in Sec. III are ensemble-averaged results.

III. RESULTS AND DISCUSSION

Measurements of flow over a confluent layer of live bovine endothelial cells were made at
three different shear stresses, 5, 10, and 20 dyn/cm2, with endothelial cells cultured directly on

FIG. 6. Plan view image of confluent BAOECs (a), with the corresponding shear stress (b), cell topography (c), and pressure
contour plots overlaid. Measurements were for confluent endothelial cells cultured on glass at the 0th hour time step with an
applied shear stress of 10 dyn/cm2. Flow is from left to right.
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the untreated glass microchannel floor. Experiments were also conducted at 5 and 20 dyn/cm2

with the floor coated with fibronectin. For all cases, μPTV measurements were initiated at t = 0,
when the flow was turned on, and continued at 3 h intervals for 18 h. As explained in Sec. II B,
and discussed later, there were no significant differences between the data sets with and
without fibronectin. As such, only the more complete data set from the untreated channel is
presented here.

An argument has been made that endothelial cells change shape in response to increasing
shear in a manner that reduces their overall drag.28,45 This implies that cells reduce in height
with increasing shear and take a more wedge-like shape with the highest part of the cell
moving to the back half of the cell. At the same time, it would be expected that the maximum
shear stress over the top of the cells would decrease and that there would be an overall reduc-
tion in total shear force acting on the cell. The other finding28 was that the surface pressure
variations over endothelial cells were of the same order of magnitude as the shear stress varia-
tions. In that study, measurements were made over fixed endothelial cells. The present study
allows for direct examination of pressure for a confluent layer of live cells subject to a range of
applied shear stresses. These results and discussions of biological implications are presented in
Secs. III A and III B.

A. Temporal evolution of endothelial cell shape

The first issue to be addressed was whether and how endothelial cells change shape in
response to applied shear. Using the method described in Sec. II G, the mean or averaged cell
height along the streamwise centerline passing through the maximum cell height was com-
puted for each 3 h time interval over the 18 h experiment. This was done for all three applied
shear cases.

Figure 7 shows the averaged cell height profile computed for each time step for a confluent layer
of endothelial cells cultured on glass at an applied shear stress of 10 dyn/cm2. Each curve is the
average height of the fifteen selected cells at the non-dimensionalized streamwise locations, x/L. The
leading edge of the cells was located at x/L = 0 and the trailing edge was at x/L = 1. Seven sepa-
rate curves are shown, one for each time interval from t = 0 to t = 18 h. Each time interval is indi-
cated in the plot legend.

The important features of the curves in Fig. 7 are that the maximum cell height decreases and
the location of the maxima moves downstream with time. The solid line denoting averaged cell
height at the onset of flow indicates that the cells have an average maximum height of 1.61 μm

FIG. 7. Average cell surface height along the normalized streamwise cell position for the 3 h time intervals following initia-
tion of flow. For these data, endothelial cells were cultured on glass and subjected to a shear stress of 10 dyn/cm2.
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located about the center of the cells, x/L = 0.51. There is a monotonic, albeit not linear, trend in
which the maximum cell height decreases and moves downstream with time. After 18 h, denoted
with triangles, the mean maximum cell height is 1.23 μm, ∼23% lower than the initial maximum
height. As seen in Fig. 7, the location of that maximum is at x/L = 0.59.

A summary of the main findings for all three applied shear stresses, 5, 10, and 20 dyn/cm2, is
shown in Figs. 8 and 9. Figure 8 shows the change in maximum average cell height, while Fig. 10
shows the location of maximum height. For both plots, then, the abscissa is time, t, relative to
when flow (i.e., steady shear flow) was first initiated. Observe in Fig. 8 that the trend of decreased
maximum cell height with time is visible for all three applied shear stresses. Similarly, in Fig. 9,
the change in cell shape, with the point of maximum height moving downstream with time, also
occurs in all three cases.

What is probably the most important point to remember about the cell height variations is
encapsulated in Fig. 10, which shows the averaged cell height distributions for the three applied

FIG. 8. Maximum cell surface height measured as a function of time for endothelial cells cultured on glass at applied shear
stresses of 5, 10, and 20 dyn/cm2.

FIG. 9. The normalized streamwise location of maximum cell height measured at each 3 h time interval for endothelial cells
cultured on glass at applied shear stresses of 5, 10, and 20 dyn/cm2.
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shear cases at the 0th and 18th hours. The format of this figure is identical to that of Fig. 7. In
Fig. 10, however, the three solid lines show the initial averaged cell height distribution along the
cells at the initiation of flow, and the dashed lines indicate the cell heights after 18 h. The three
plotter symbols, triangles, circles, and asterisks, correspond to the 5, 10, and 20 dyn/cm2 cases,
respectively. Observe first that at the onset of flow, the cell shapes for the three cases are not appre-
ciably different, nor would one expect them to be. They all show a maximum height of ∼1.6 μm
located at the mid-point along the cells.

What can also be seen in Fig. 8 is that the maximum cell height 18 h after flow was started is
lower for higher shear levels. The maximum cell height values are 1.4 μm, 1.23 μm, and 1.18 μm
for the lowest to highest applied shear stresses. The standard deviation of these measurements was
±0.15 μm. Similarly, the degree to which the highest point of the cells is pushed downstream also
increases with increasing applied shear as seen in Figs. 9 and 10.

These findings are consistent with the expectation that endothelial cells will change shape in
such a way as to reduce the hemodynamic drag forces they experience from the flow. They are also
consistent with AFM measurements46,47 that observed this same morphological response when cells
are subjected to shear. The maximum cell height at 20 dyn/cm2 found in this study, 1.2 ± 0.15 μm,
virtually matched the measurements of Ohashi et al.46 who found a maximum cell height of
1.2 ± 0.4 μm. It was somewhat different from, but still consistent with measurements from Barbee
et al.’s47 measured value of 1.8 ± 0.7 μm. The significant new contribution here is the ability to
track the morphology with time over a live endothelial cell layer.

It is expected that the net volume of each endothelial cell should remain constant, even
though the cell changes shape in response to applied shear.45,48 The only reason the volume
would change would be if there was a change in the osmotic balance of the cell due to ion trans-
port; this did not occur in these experiments. In order for volume to be conserved, the reduction
in cell height in the streamwise direction must be accompanied by a concomitant spreading of
the cell in the lateral direction. From the most simplistic of perspectives, if the cells cultured in
a quiescent fluid can be thought of as semi-ellipsoidal in shape, then the end geometry after
application of shear changes their shape into something more closely resembling a wedge. The
point is that the reduction in height along the cell centerline must be accompanied by an
increase in height along the sides of the cells.

This spanwise change in morphology in response to shear is shown in Fig. 11. In this figure,
the variation in the average cell surface thickness, h, is shown with respect to normalized spanwise
position, y/W, along the cell, where W is the maximum cell width. As in Fig. 9, solid lines depict
the mean cell height at the 0th hour and the dotted-lines are for the 18th hour.

FIG. 10. Average cell surface height variations along the normalized streamwise cell length at the 0th and 18th hour time
steps for endothelial cells cultured on glass.
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By way of reference, the maximum cell heights of the spanwise topography in Fig. 10 are the
same as the maximum cell height of the streamwise topography values for each applied shear
stress shown in Figs. 8 and 10. This was expected because both the streamwise and spanwise
height profiles were taken with respect to the location of maximum cell height. The critical feature
of Fig. 11 is that while the cell height decreased near the center of the cell, it increased laterally

FIG. 11. Average cell surface height as a function of non-dimensional spanwise direction, y/W, at the 0th and 18th
hour for (a) 5 dyn/cm2, (b) 10 dyn/cm2, and (c) 20 dyn/cm2. Data are for cases where the endothelial cells were cul-
tured on glass.
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over the 18 h of applied shear. This is consistent with the expectation that the cell volume for these
experiments will remain constant.

B. Shear stress and pressure variations

The key findings of the shear stress analysis for flow experiments at 5, 10, and 20 dyn/cm2 are
highlighted in Fig. 12. This figure shows streamwise variation in average shear stress for the three
different applied shear levels at the 0th and 18th hours. The plotter symbols and line convention
are the same as that used in Fig. 10. For ease of comparison, the averaged local shear stress values
were normalized by the maximum local shear (i.e., where the cell height was a maximum cell) at
the 0th hour. This was also done to account for the fact that the flow speed during μPTV measure-
ments was reduced; this was discussed in Sec. II E.

As would be expected, the change in cell topography is accompanied by a change in shear
stress magnitude and distribution over the 18 h span. As seen in Fig. 12, at the 0th hour, shear
stress is symmetric about the half-length, x/L = 0.5, of the cells. Over a period of 18 h, the location
of the maximum shear stress, like the location of maximum height, shifts downstream. Indeed, the
location of maximum shear logically coincides with the location of maximum height. This is con-
sistent with findings of a number of other studies.35,46–48

The largest applied shear causes the greatest change in both cell geometry as well as shear.
For the three different applied shears, 5, 10, and 20 dyn/cm2, the maximum normalized local shear
stress values, τmax/τ0hr-max, were 0.70, 0.52, and 0.39, respectively. The corresponding reductions
in maximum shear stress at the thickest part of the cell were then 30%, 48%, and 61%. The stan-
dard deviation of the measurements was ±0.21. These results are consistent with the finding38 that
shear stress decreases with a decrease in cell height for the same applied shear rate.49–52

The maximum shear stress values are, however, lower than those obtained in computational
studies.36,52 In those studies, atomic force microscopy (AFM) or fluorescence imaging was used to
measure cell topography and, in turn, generate computational grids for the endothelial cells. The
computational results showed maximum shear stress values as high as three times that of the
average applied shear of 10 dyn/cm2. At the same time, the measured cell heights also appeared to
be approximately three times greater than the current measurements. It may be that the sub-cellular
resolution in the current study is lower than that of the computational studies. At the same time,
the computational studies, though starting with live cells, immediately lose the dynamic response
when the investigation transitions to the computational domain.

FIG. 12. Normalized average shear stress variations along the normalized streamwise cell length at the 0th and 18th hour
time steps for a confluent layer of endothelial cells cultured on glass at applied shear stresses of 5, 10 and 20 dyn/cm2. Flow
is from left to right.
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The distribution of surface pressure along the ensemble average of cells was also computed.
Results from these calculations are shown in Fig. 13. Again, profiles for the three different flows at the
0th and 18th hours are shown. For the complete pressure data set, the reader is referred to Lambert.41

As with the averaged shear stress distribution along the cells, pressure decreases with increasing
applied shear and the location of the pressure maxima moves with the location of maximum thickness.
What is of greatest interest, however, is the magnitude of the pressure differentials between the highest
and lowest points of the cells in comparison to the shear stress differentials between the same loca-
tions. Before going into this, a quick aside is necessary to clarify the different contributions to “pres-
sure” acting on individual endothelial cells, and why the pressure data in Fig. 13 are relevant.

It is important to recall that for this study, a gage pressure calculation was used; integration of
the pressure gradient field used a zero-pressure boundary condition. In other words, the pressure
calculation here does not include the blood pressure acting on the entire artery. In a physiological
environment, the pressure variations presented in Fig. 13 would be superimposed on the arterial
blood pressure where the cells are located. The systolic pressure will be orders of magnitude larger
than the pressure levels measured in this study. The critical differentiator to be recognized at this
juncture is that while the vascular pressure varies over distances that are many vessel diameters
long, the viscous flow induced pressure shown here varies over individual cells. It is the coupled
interaction of this viscous induced pressure field with the shear stress variations caused by the cell
topography that is of particular interest here. A critically important topic for future study is the
effect of hypertension on this pressure-shear coupling at the cellular level.

Returning, now, to the main thread of the discussion, a comparison of the shear stress differentials
in Fig. 12 and pressure differentials in Fig. 13 shows that they are of the same magnitude. In general,
the differential in pressure from the front (or back) of a cell to the point of maximum height is approx-
imately 30% of the shear stress differential between the same locations. The primary takeaway at this
point is that mechanotransduction is affected by pressure as well as shear stress and not shear alone.
This validates the earlier finding28 with the very important difference that this study has demonstrated
mechanical response to applied fluid loading on live endothelial cells where the previous work drew a
conclusion based on measurements over fixed cells. Furthermore, in this study, it was possible to
quantify the response as a function of different shear stress environments.

C. Notes on varying substrates and environmental conditions

As noted in the opening of this section, there were a number of different experiments that were
conducted during this investigation. The primary data set reported here was obtained using

FIG. 13. Plots of averaged pressure non-dimensionalized by maximum initial shear stress as a function of position along the
cells at the 0th and 18th hour.
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endothelial cells cultured directly on the glass micro-channel floor. A somewhat reduced set of
experiments was done for cells cultured on the floor treated with fibronectin. Finally, additional
earlier experiments were conducted using different lighting conditions and a different working
fluid which, it turned out, caused cells to form vacuoles as a result of phototoxicity. Those cells
would often undergo necrosis and frequently would not remain attached to the micro-channel for
the full 18 h. While these experiments with phototoxic effects were physiologically meaningless,
they did shed light on the similarity between the experiments conducted with and without a fibro-
nectin substrate. This is highlighted in the following paragraphs.

One of the “universally accepted” responses of endothelial cells subjected to flow is that they
will elongate and reorient themselves to align with the flow. The full mechanical response, then,
would include (i) alignment of the cells to the flow direction, (ii) reduction in maximum height,
and (iii) redistribution of cell topography such that the maximum height is located over the back
half of the cell. To use a simplistic automotive metaphor, the transformation would be from the
shape of a VW Beetle to a Formula I racecar. This concept of drag minimization has been dis-
cussed previously.28,45

As reported,41 endothelial cell shape in the x-y plane, i.e., in the microscope viewing plane,
was examined for all of the different experiments. The starting point for this analysis was the same
edge detection algorithm used to ensemble average topography and stress distributions over the
cells. This was described in Sec. II I. The output of this algorithm was a black and white image of
the cells where the cells were white and regions between cells were black. Centroids and major and
minor axes could be computed for each cell.

In looking at the cells cultured directly on glass, it was immediately obvious that the cells
did not reorient even when subjected to the highest applied mean shear stress of 20 dyn/cm2.
The microscope images of the cells at the 0th hour and the 18th hour were identical irrespective
of the applied shear stress level. The interpretation was that the cell adhesion to the glass was
too strong to allow the cells to reorient in response to the applied flow. So, while the cells did
reduce in height and “lean away” from the flow direction, the shape of the cells in contact with
the wall did not change.

It was hypothesized that this might have been due to the fact that the cells were cultured
directly on glass, a decidedly non-physiologic condition. For this reason, the glass micro-channel
floor was coated with fibronectin before culturing cells. The rationale was that providing a more
physiologic interface for the cells would allow the cells to exhibit the alignment and reorientation
phenomenon observed in other studies.

To test this hypothesis, two different applied shear stresses, 5 dyn/cm2 and 20 dyn/cm2, were
tested with the fibronectin substrate. The results, shown in Table I, were the same as those with the
cases of culturing directly onto the glass floor. That is, within the uncertainties of the measurements,

TABLE I. Comparison of key topography and stress changes between endothelial cells cultured directly on the glass
micro-channel floor and cells cultured with a fibronectin substrate. The center set of three columns shows the decrease in
the three parameters, hmax, τ/τmax-0hr, and p/τmax-0hr, between the maximum value in the 0th hour and the maxima at the
18th hour. The right hand set of three columns shows how far the maximum values shifted downstream (normalized with
respect to the cell length) after being subjected to flow for 18 h.

Applied shear
(dyn/cm2) Substrate

Change in the maximum value from 0th
to 18th hour

Downstream displacement of the
maximum value from 0th to 18th

hour; Δ(x/L)

hmax (μm) τ/τmax-0hr p/τmax-0hr hmax τ/τmax-0hr p/τmax-0hr

5 Glass −0.23 −0.30 −0.02 +0.07 +0.07 +0.07

Fibronectin −0.26 −0.24 −0.02 +0.06 +0.07 +0.06

10 Glass −0.36 −0.48 −0.03 +0.08 +0.08 +0.08

Fibronectin … … … … … …

20 Glass −0.45 −0.61 −0.06 +0.10 +0.10 +0.10

Fibronectin −0.44 … … +0.09 … …
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the data and trends in Figs. 7–13 were the same for the fibronectin cases. Furthermore, the cells cul-
tured with a fibronectin substrate also did not elongate or align with the flow.

Table I highlights the comparison of key parameters in the cases with and without the fibro-
nectin substrate. The change in maximum values of hmax, τ/τmax-0hr, and p/τmax-0hr between the 0th
and 18th hours is shown along with the downstream shift in streamwise locations of the maximum
values, Δ(x/L/ over the same time interval for un-treated glass and fibronectin-coated experiments.
Here, τmax-0hr denotes the maximum local shear stress value over the ensemble average of cells
at the 0th hour; this was located at the highest point on the cell initially at the cell mid-length,
x/L = 0.5. Note that after it was determined that cells were also not aligning with the flow even
with the fibronectin substrate, there was no attempt made to complete that data set.

This absence of reorientation and elongation was unexpected, though not completely unique.
It was shown22 that elongation and reorientation of bovine aortic endothelial cells subjected to
shear flow could be inhibited by treating them with the permeable calcium ion chelator quin2-AM
and the tyrosine kinase inhibitor herbimycin A. It is also possible21–23 that the duration of the mea-
surements may not have been sufficiently long to observe elongation and realignment. The reason
why cells did not align with the flow in this study, however, is a topic of further study.

In the early stages of this investigation, the cells were illuminated throughout the experimental
runs; there was not an understanding at that point of the phototoxic effects that could be induced
by doing this. In addition, a series of experiments was conducted in which the pH of the working
fluid was 6.7 as opposed to an optimal pH of 7.4 for endothelial cells. The same three applied
shear stresses were studied, and outside of pH, all other experimental parameters were the same.41

The key feature of these experiments was that the cells underwent necrosis. As a consequence,
a major topographical difference between these cells and the previously described healthy cell
experiments is that the necrotic cells became thicker when subjected to flow. This is consistent
with a study29 including the evolution of endothelial cells undergoing apoptosis in response to
contamination.

Of greater significance, however, is that the cells in this experimental set were observed to also
migrate downstream and align with the flow with time. These phenomena were observed for all
three applied shear flows. This is important because it is an indicator that there was not something
about the micro-channel geometry or the culturing methodology that somehow forced the cells to
unnaturally adhere to the microchannel floor irrespective of the substrate. Future work will then
need to focus on this issue of cell adhesion to the substrate.

IV. CONCLUSIONS

Spatially resolved μPTV measurements were made of flow over confluent layers of live,
healthy bovine aortic endothelial cells subject to three steady laminar shear flows: 5, 10, and 20
dyn/cm2. From these measurements, cell topography, shear stress, and pressure variations were
computed over the cells at 3-h intervals over an 18 h period. Distributions of geometry and cell
loading were ensemble averaged over multiple cells in each field of view to enable statistically sig-
nificant statements about the response of cells to applied shear. The key findings from these experi-
ments are

• cell height reduces with increasing levels of applied shear,
• the streamwise location of the highest point on the cells moves downstream with increasing
shear,

• there is a lateral spreading of the cells as cell height decreases to maintain constant cell volume,
and

• there is a concomitant decrease in maximum shear stress and pressure over the cells as their
topography changes in response to the applied fluid loading.

This study demonstrates the ability to spatially and temporally quantify fluid forces and endothelial
mechanics using μPTV techniques and fluid dynamics principles. This methodology creates the
opportunity for broader investigations of the mechanotransduction related to vascular disease such
as atherogenesis.
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